A variable structure controller (VSC) is developed to provide position tracking capability for a very large pneumatic muscle actuator, which has inherently nonlinear dynamics. After the controller design is completed, the internal dynamics of the closed-loop system are shown to be stable. Robustness and passivity issues are then discussed. The switching law is modified t o account for the different dynamics through the use of a composite Lyapunov function which guarantees asymptotic tracking stability.
Introduction
A powerfuI means for augmenting strength or mobility assistance to humans is through the use of very large-scale pneumatic muscle (PM) actuators. Such systems (small in size) have been in existence for years [1] [2] [3] [4] [5] [6] and found application in robotic devices when used in manipulation or precision tasks. When comparing hydraulic or electric motor actuation systems versus the PM device, its advantages include (I] having the highest powerlweight ratio and power/volume ratio. For applications involving strength or mobility assistance to exoskeleton systems worn by humans completing tasks, the advantages of this technology include being sufficiently fight-weight and Self-contained. The major disadvantage of the P M technology is its inherently nonlinear dynamics, which limits its ability to render precision tracking tasks. This paper examines a very large-scale PM system for actuation purposes involved with a position tracking task. Modeling of the PM system is first conducted to understand the extent of its nonlinearities within the context of the use intended. For a position tracking application, a VSC system is then designed.
To show asymptotic stability of the tracking error (with respect to a reference model trajectory), energy-related Lyapunov functions are utilized. Robustness issues are discussed to expand the operation of this device where uncertainties may exist in the parameters. Passivity is also examined as well as defining the class of possible reference inputs that can be tracked by this system. longitudinal direction. For example, if a standard air source of 120 pounds per square inch (PSI) were used, the inside balloon would typically change its area approximately 4 square inches during inflation. The net force produced by the outside material on the environment in the longitudinal direction is given by :
( 1 ) Net Force = Pressure * A Surface Area of Balloon or F = 120PSI * 4 Area = 480 pounds (2) Since the typical overall weight of an autonomous system of this type to produce this force is less than 1 pound, it would have a force/weight ratio of over y . Figure ( 2) illustrates such a system in operation at Wright-Patterson Air Force Base, Ohio, USA.
Method of Developing Position Control
The PM system (as a doubly antagonist muscle pair) could be used in either a linear translational or rotational sense to produce a force or moment (cf. Figures 3a-b) .
To activate the inflation, timed pressure pulses of one millisecond duration can be used which are electrically controlled by a solenoid.
To deflate the PM, a bleed actuation can be accomplished via.
solenoid action with dynamics that differ as compared to the inflation. Figure (4) shows a position tracking system description. The PM is the plant with a nonlinear characterization. 
Modeling the PM System

Determination of K ( t ) from Steady State Data
Figure (6) 2 Principle of Operation
Figures (ia-b) illustrates the regression assumed for specific polynomial fits which are discussed in the sequel. Figure (1 
where the dot indicates time differentiation.
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data to characterize the model. two types of pressure inputs were utilized. Table I illustrates the experimental conditions to collect All combinations of loads with Table I -Experimental D a t a Collected) Starting with the larger time constant (inflation) and -zz 1 Hz, the maximum bandwidth of the reference trajectory is to be selected to be no greater than & Hz. One could characterize this via:
Experimental Paradigm t o Obtain Model
where p is the Laplace variable, (XI,& > 0), with X, and R (the input) the respectively transformed quantities.
The VSC T r a c k i n g Error System
From (12), the choice is made of the state variables via (q = 2 and 2 2 = z) resulting in:
which is in canonical form with output measurement:
Calculation of Relative Degree (18, 19), y(t) is differentiated once yielding:
To determine t = relative degree of the nonlinear equations
. . .
Differentiating again results in:
Since the term U appeared after two differentiations, the relative degree of the nonlinear system (18-19) is t = 2.
C o n s t r u c t i o n of t h e Sliding Surface S ( t )
Defining the position error vector:
The time-varying surface S(t) e RZ is defined via: The objective is to select i as the best approximation to achieve d = 0, via: From (15), the assumption is that r(t) is a unit step function (and let X1 # A2 > 0), the following are true for t > 0:
where K is a positive constant yet to be determined. Theorem 1 demonstrates that both states are exponentially stable with equilibrium points at the 4.1. 6 
Stability of t h e Internal Dynamics ( I n n e r Loop)
It is essential t o examine if the conrol law specified via feedback linearization in Figure ( 
-Amin
Now let:
Then, since X > Amin, equations (60-61) clearly demonstrate that:
The final lemma easily follows:
The state z~( t ) is also exponentially stable. Proof From the state equation (42), z~( L ) is the first integral of the state zz(t) which is of exponential order. Integrating the inequality (62) yields: 0 Thus, both states have equilibrium points at the origin and the internal dynamics are stable.
Passivity Issues
The objective is to demonstrate that the system and control law retain their passive characteristics.
To show this, the equations of motion of the original PM system are rewritten as:
where the input to the system is a force F and the output is i, the PM velocity. It is desired to say something about this mapping in the sense of passivity.
To accomplish this goal, consider the following energy-related Lyapunov function:
This Lyapunov function represents the total kinetic and stored spring energy of the PM device To calculate V2, the power in the system involving the mapping of F to i (using inflation dynamics for simplicity), we have:
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This can be written:
where the right-hand side of (69) To develop a modified switching law, let the Lyapunov function for the inflation controller be described by:
where s is subjected to the inflation dynamics which are described via:
Also let:
be the Lyapunov function describing the deflation dynamics wkch satisfy:
To guarantee asymptotic tracking stability of the overall control scheme, a composite Lyapunov function is obtained independent of which control law is in use [lo] . Theorem 2 demonstrates this result. 
Hence the equilibrium at the origin is globally asymptotically stable.
7 Summary and Conclusions
A pneumatic musde actuator was analyzed to provide position tracking even though its dynamics were inherently nonlinear and suffered from reduced bandwidth.
In realizing a solution to this problem, the issues of robustness, passivity, and stability all had to be considered in the final design of the overall controller. T h e switching law required modification t o account for the different dynamics that occur between the inflation and deflation modes of operation of the PM device. 
